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Abstract 
 
Structural and electronic properties, oxidation and aging effect of electrochemically 
(EC) synthesized magnetite nanopowders (NPs) are studied by means of X–ray 
diffraction (XRD), X–ray absorption fine structure (XAFS) and X–ray magnetic circular 
dichroism (XMCD). The obtained results enabled to get a direct insight into the 
structure and electronic properties of Fe immediate surrounding and to elucidate the 
influence of preparation conditions on stoichiometry of NPs and their stability in 
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ambient conditions. All investigated NPs are produced as non–stoichiometric Fe3−δO4 
oxide phases, with the lattice constant and the Fe2+/Fe3+ ratio both in–between the 
values for bulk maghemite and magnetite. NPs synthesized under smaller current 
density (J=200 mA/dm2) are more magnetite–alike, whereas larger current density 
(J=1000 mA/dm2) has led to formation of NPs closer to maghemite. Oxidation of 
magnetite–like NPs is slower, although in the course of time particles agglomerate and 
oxide penetrates into the core. Maghemite–like NPs oxidize much faster and the oxide 
layer which is confined close to the particles’ surface protects the core from further 
oxidation. In all NPs the fist coordination around Fe is pretty stable against both 
temperature and oxidation process. The temperature change from 293 K to 20 K 
considerably affects the second coordination around Fe, which is most likely a 
consequence of the Verwey transition present in all investigated samples. 
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1. Introduction 
 
Iron oxides (in particular magnetite) are among the most investigated materials in 
human history. They are crucial for understanding the Earth’s crust formation [1] and 
evolution of its magnetic field [2]. The first evidence of water on Mars is based on 
infra–red spectra of iron oxides found on its surface [3]. Iron oxides color pigments had 
been used in indigenous art since the pre–historic times [4]. The suppression of the 
rusting process as one of the major technological challenges would be impossible 
without detailed knowledge of the iron oxides and hydroxides structures and 
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transformations [5]. Nowadays iron oxide nanoparticles (NPs) are indispensable in 
solving environmental issues like water purification and industrial wastewater treatment 
[6–10], in confronting global energy demands (fuel and heavy oil production, …) [11] 
and in energy storage application (lithium ion batteries, supercapacitors, …) [12–15]. 
Biocompatibility of magnetite (Fe3O4) and maghemite (γ–Fe2O3) [16] is vastly exploited 
in biology and medicine (biosensors, drug delivery, magnetic resonance imaging, 
hyperthermia, …) [17–19]. High–technology applications such as data recording and 
storage [20,21], advanced optoelectronics [22] and spintronics [15,23,24] also benefit 
from the striking magnetic properties of magnetite NPs [25,26]. Functionality of iron 
oxide NPs is primarily determined by the particles composition, size and shape 
distribution and degree of structural order both in the bulk and at the surface. To control 
these properties numerous synthesis routes have been developed [27,28]. 
Electrochemical (EC) synthesis of magnetite NPs [29–32] enables control of the final 
product characteristics via adjustment of the parameters in the electrolytic cell.  
For instance, the mean size of the EC produced magnetite NPs can be settled in–
between 20 and 30 nm, which makes them particularly attractive for biomedical 
applications [33].  
 
Nominally claimed magnetite NPs are often (and to various extents) composed of non–
stoichiometric oxide phases [34], and their instability in air ultimately causes oxidation 
to maghemite [35]. The oxidization rate of magnetite NPs in ambient conditions is size–
dependent and can range from several months for NPs<10 nm, up to several years for 
NPs~100 nm [36 and Refs. therein]. However, there i
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the complex oxidation mechanism, which presumably proceeds through a continual set 
of intermediate phases accompanied by cations and vacancies (C–V) reordering [35,37].  
 
Magnetite and maghemite both crystallize in the face–centered cubic (fcc) spinel 
structure, whose unit cell is composed of 32 O2− ions placed at the 32e crystallographic 
position, and 24 Fe ions distributed over the 64 tetrahedral 8a (A) and 32 octahedral 16d 
(B) crystallographic positions [35]. Magnetite and maghemite can be represented with a 
single formula [38]: (Fe3+)A[(Fe
2+)1–3δ(Fe
3+)1+2δδ]BO4, where  stands for vacancies 
and 0≤δ≤1/3. In pure magnetite (δ=0), all A sites are occupied by Fe3+ ions, while B 
sites are equally occupied with Fe2+ and Fe3+. In pure maghemite (δ=1/3), all Fe ions are 
in 3+ state, with tendency for regular arrangement at B sites (two occupied followed by 
one vacant site). Vacancies occur preferentially at octahedral sites [35], but they can 
also mix over octahedral and tetrahedral sites [39]. The degree of vacancy ordering in 
maghemite decreases with particle size, and it is believed that for NPs smaller than 20 
nm vacancy ordering vanishes [27 and Refs. therein]. Magnetite and maghemite are 
both ferrimagnetic (the two uneven ferromagnetic sublattices FeA and FeB are 
antiferromagnetically aligned), with comparable saturation magnetizations (MS=90 
emu/g for magnetite; MS=83.5 emu/g for well ordered crystalline maghemite samples) 
and extraordinary high Curie temperatures (TC=858 K magnetite; TC=790–893 K 
maghemite, depending on the degree of C–V ordering) [35]. The important difference 
between magnetite and maghemite is in that maghemite is an insulator with energy gap 
Eg ≈ 2 eV, while magnetite is half–metal with much narrower Eg = 0.1–0.5 eV 
(depending on the sample quality). Furthermore, bulk magnetite undergoes so–called 
Verwey order–disorder phase transition to the insulating state at temperatures 120–125 
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K [35], accompanied with structural change from cubic to monoclinic lattice symmetry 
and various anomalies in the physical properties [40]. The decisive influence on this 
complex transformation is ascribed to charge and orbital ordering involved in the three–
site distortions [41]. The exact structural parameters of the low temperature (LT) crystal 
structure, which is thought to have at least four inequivalent octahedral Fe sites [42], are 
extremely difficult to determine. Things are even more elusive when the sample size is 
in the nanometer range. According to [43] for NPs with the mean size ∼ 50 nm the 
Verwey temperature (TV) shifts down to 20 K and it can not be observed for smaller 
particles. According to some recent reports [44] the Verwey transition is weakly size–
dependent in magnetite NPs larger than 20 nm, slightly suppressed in NPs smaller than 
20 nm, and completely vanishes for NPs smaller than 6 nm. These inconsistencies are 
often ascribed to the fact that final properties of magnetite NPs strongly depend also on 
structural order [34,45].  
 
Detailed characterization of magnetite NPs is therefore necessary in order to obtain 
accurate relationship between their electronic, magnetic and structural properties. In this 
paper magnetite NPs prepared by the EC method were studied by X–ray diffraction 
(XRD), X–ray absorption near edge structure (XANES), Extended X–ray absorption 
fine structure (EXAFS) and X–ray magnetic circular dichroism (XMCD). In that way a 
direct insight into the structure and electronic features of the Fe immediate surrounding 
 (both inside NPs and at the surface) is obtained and effects of local structural and 
electronic modifications between the two characteristic temperatures (20 K and RT) 
were elucidated. The NPs stability in ambient conditions is monitored through 
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XANES/EXAFS measurements performed on selected samples after long–term air 
exposure. 
 
2. Experiment 
 
The investigated magnetite NPs were produced in the electrochemical cell at 
temperatures 333 K and 361 K and current densities J=200 and 1000 mA/dm2 using the 
0.04 normal NaCl solution in deionised water as electrolyte. Two rectangular steel 
plates 3 cm apart, were used as electrodes. The principle reactions taking place during 
synthesis are: Fe3++3OH2↔(γ and/or α)–FeOOH+H2O, 2H2O+4H
++4e–+O2 (anode) and 
H2O+e
–
↔1/2H2+OH
– (cathode). The iron oxide, produced at the interface of electrode–
electrolyte according to the reaction 3(γ and/or α)–FeOOH +1/2H2→Fe3O4+2H2O, is 
deposited on the electrode in the form of nanopowder [32]. XRD measurements were 
performed on Siemens D5000 diffractometer with Ni filtered Cu–Kα1,2 radiation in 
Bragg–Brentano geometry in the range of angles 100<2θ<900 using a step width 0.020 
and acquisition time 2 s/step. XAFS measurements at the Fe K–edge were performed on 
the C1 Beamline at Deutsches Elektronen–Synchrotron DESY (Hamburg, Germany). 
The nature of the EC synthesized NPs (variable shapes, morphologies and dimensions 
of grains) requires XAFS spectra to be collected in fluorescence yield (FY) mode, rather 
than in transmission. In order to monitor the X–ray fluorescence, the powders were 
pressed into 2–3 mm thick pellets. Data processing and analysis were performed using 
IFEFFIT [46] as implemented in ATHENA and ARHEMIS software packages [47], 
according to the standard procedure described elsewhere [48]. XAFS/XMCD 
measurements at the Fe L2,3–edge were performed in total–electron yield (TEY) mode 
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on Circular Polarization Beamline at Elettra Synchrotron Radiation Facility (Trieste, 
Italy). Circularly polarized absorption spectra were measured in the external magnetic 
field B=0.3 T applied perpendicular to the sample surface, with photon helicity ρ+ 
(right–handed) and ρ– (left–handed) reversed at each photon energy. The degree of 
circular polarization was 80% and the energy resolution 0.6 eV. 
 
3. Results and discussion 
 
The synthesis conditions of the investigated magnetite NPs are presented in Table 1. 
The same synthesis time (t=60 min) was applied to all samples (I–IV). 
 
XRD diffractograms of samples I and II are presented in Fig. 1. Clearly visible noise 
originates from the Fe Kα fluorescence background. All diffraction peaks are indexed as 
magnetite (reference code: JCPDS 01–088–0315), with exception of the (110) reflection 
in Fig. 1b, which belongs to primitive cubic cell [35] and usually relates to maghemite 
with partially ordered vacancies [39]. According to the XRD results, samples I and II 
have the same lattice constant (a=8.366 Å) which lies in–between the lattice constants 
of bulk maghemite (a=8.334 Å) and magnetite (a=8.396 Å) [49]. The mean particle size 
~ 26 nm, determined from the broadening of the (311) reflection is also the same for 
samples I and II. Detailed analysis of the particles size distribution of similar magnetite 
NPs can be found in [29,32]. The ratio of Fe ions in 2+/3+ oxidation states, determined 
from the equation [50] xd=(a–8.3424)/0.1094=0.2, also has an intermediate value 
between bulk maghemite (xd=0) and bulk magnetite (xd=0.5).  
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3.1. Fe K–edge XANES spectra 
 
The Fe K–edge XANES spectra of samples I–IV taken at 20 K and RT (with the insets 
showing the pre–edge regions enlarged) are presented in Fig. 2a and Fig. 2b, 
respectively. Fig. 2c shows the collection of corresponding absorption edge positions 
and Fig. 2d the integrated pre–edge intensities. As it can be seen from Figs. 2a and 2b, 
at both temperatures XANES spectra of samples I and III have less intense white lines 
and higher pre–edge peak intensities than the spectra of samples II and IV (see Fig. 2d). 
At the same time, the absorption edge in samples I and III is 0.4–0.5 eV lower in energy 
(see Fig. 2c), which indicates that average Fe valence in samples I and III is smaller 
than in samples II and IV. In all samples the integrated pre–edge peak intensity is higher 
at LT than at RT (see Fig. 2d), most likely as a consequence of local structural 
distortions present in the LT phase [23,37], and higher in samples I and III than in 
samples II and IV. The pre–edge XANES region contains contributions originating from 
Fe in different oxidation states and different coordination environments [51]. The main 
contribution to the pre–edge peak intensity in magnetite arises from the Fe3+ in 
tetrahedral (A) coordination. The contributions originating from Fe3+ and Fe2+ in 
octahedral (B) coordination are much smaller since they are mainly caused by its 
departure from centrosymmetry [51]. To extract these three contributions the pre–edge 
region of the experimental XANES spectra is fitted to three Gaussian profiles of the 
same width (1.2 eV). The baseline under the pre–edge is modeled with an arc–tangent 
function. The fitting procedure demonstrated on the XANES spectrum of sample I is 
shown in Fig. 3. The main component at 7113.0 eV arises predominantly from 
tetrahedrally coordinated Fe3+, whereas the components at 7111.6 and 7114.4 eV can be 
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primarily ascribed to octahedrally coordinated Fe2+ and Fe3+, respectively (see Fig. 3). 
The intensities of the three pre–edge components in all investigated samples are shown 
in Fig. 4 (LT–open squares; RT–filled squares). Regardless of the trend observed for the 
total pre–edge peak intensity (see Fig. 2d), when going from 20 K to RT the intensity of 
Fe2+(B) and Fe3+(A) contributions decreases and the intensity of Fe3+(B) contribution 
increases in all investigated samples (see Fig. 4). This temperature trend of cation 
distribution is characteristic for random spinel structure of magnetite in which 
distribution of Fe2+ ions runs over both tetrahedral and octahedral sites [52,53].  
 
The presented XANES results clearly demonstrate non–stoichiometry of the 
investigated magnetite NPs, as first indicated by XRD results. The relative amount of 
the non–stoichiometric Fe3−δO4 oxide phase grown inside the NPs is influenced by 
preparation conditions, with current density being a decisive parameter. The 
stoichiometry of samples I and III prepared under smaller current density (J=200 
mA/dm2) is closer to bulk magnetite. Larger current density (J=1000 mA/dm2) has led 
to formation of NPs (samples II and IV) with structural and electronic properties which 
are more maghemite–alike. Plausible reason behind these observations could be that 
smaller current applied during the synthesis (with other parameters being the same, see 
Table 1) enables the NPs formation conditions to be closer to equilibrium. The ratio 
Fe3+/ΣFe (ΣFe=Fe2++Fe3+) determined from the XANES pre–edge fitting is smaller in 
samples I and III (0.90±0.06) than in samples II and IV (0.93±0.06), but still larger than 
that of bulk magnetite (0.67) [35]. These findings provide arguments in support of 
recent observations [45,54] according to which nano–sized magnetite’s structure can be 
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regarded as a mixture of “structurally adapted” intermediate bulk magnetite and 
maghemite.  
 
3.2. Fe K–edge EXAFS spectra 
 
The Fe K–edge EXAFS spectra of samples I–IV taken at 20 K and RT are presented in 
Figs. 5a and 5b, and their Fourier transforms (FT) are shown in Figs. 5c and 5d, 
respectively. The first peak in Figs. 5c and 5d originates from two different oxygen 
coordination shells around Fe at A and B sites (FeA–O and FeB–O). The second peak 
contains contributions from the second coordination Fe atoms (FeA–FeA, FeA–FeB and 
FeB–FeB). In absence of peak splitting, which would facilitate discrimination between A 
and B sites, the FT–EXAFS spectra can be unambiguously ascribed neither to 
maghemite [55] nor to maghemite [56]. The position of the Fe–O peak is weakly 
temperature–dependent and coincides in all investigated samples (see Figs. 5 c and 5d), 
which indicates that the average Fe–O distance does not vary substantially with 
stoichiometry and temperature. On the other side, the intensity of the Fe–Fe peak 
markedly decreases with temperature (see Figs. 5 c,d) and it is both sample– and 
temperature–dependent. Even though larger thermal disorder at RT is expected to 
suppress all FT–EXAFS amplitudes, this appears to be true only for Fe–Fe peak, while 
the intensity of Fe–O peak remains nearly constant with temperature. The same 
temperature trend of Fe–O and Fe–Fe peaks intensities in FT–EXAFS spectra of 
magnetite [55] was explained in terms of nearly invariable local structure of O atoms in 
the first Fe–coordination above and below TV. Changes of the Fe–Fe peak were ascribed 
to the fact that the Verwey transition in magnetite is induced by the structural changes 
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beyond the first coordination Fe–O shell [55]. Stability of the first coordination Fe–O 
shell and structural changes in the second coordination Fe–Fe shell revealed in our 
EXAFS spectra could be a sign of the Verwey transition in the investigated NPs, 
regardless of the observed differences in their electronic structure. 
 
3.3. Fe L2,3–edge XANES/XMCD spectra 
 
Results of XANES/XMCD measurements at the Fe L2,3–edge performed on samples I 
and II, are presented in Fig. 6. In addition to the information on Fe magnetic moments, 
XMCD technique is well suited to probe the extent of the surface oxidation due to high 
surface sensitivity of the employed TEY detection mode. The probing depth at the Fe 
L2,3–edge in iron oxides is typically ∼50 Å [57] and hence the main contribution to 
absorption/dichroism signal arises from the atoms near the surface. The two main bands 
(L3 and L2) appearing in the Fe L2,3–edge XANES spectra (see Fig. 6a) are separated by 
the spin–orbit coupling of the 2p hole (2p3/2 and 2p1/2). The fine structure of the bands is 
determined by a complex interplay of atomic multiplets, ligand field splitting and the 
first coordination interatomic interactions for each of the three distinct 
electronic/magnetic Fe sites in magnetite [57].  
 
Unlike the Fe K–edge, no apparent difference is visible in the Fe L2,3–edge XANES 
spectra of samples I and II (see Fig. 6a), most likely due to the intrinsic limitations of 
the Fe L2,3–egde XANES spectroscopy [45]. More explicit information can be extracted 
from the corresponding XMCD spectra, obtained by subtraction of the XANES spectra 
recorded in external magnetic field with right and left circularly polarized X–rays. 
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Three main features of the L3–band (see Fig. 6b) originate from Fe
3+(A), Fe3+(B) and 
Fe2+(B) [58], and the opposite sign in the XMCD signal reflects anti–parallel orientation 
of Fe(A) and Fe(B) spins. As can be seen in Fig. 6b, the XMCD spectra of samples I 
and II are considerably different. The intensities of the Fe3+ peaks at A and B sites are 
both much higher in sample II, which makes its XMCD spectrum to appear more 
maghemite–alike [59]. The XMCD spectrum of sample I is somewhere in–between bulk 
magnetite and maghemite [60], implying that its surface is oxidized to a lesser extent 
than the surface of sample II.  
 
3.4. Structural stability 
 
To elucidate how the long–term air exposure affects the phases originally formed in the 
EC synthesized NPs, samples I and II had been stored in ambient conditions and Fe K–
edge XAFS measurements were repeated after two years. These measurement sets are 
denoted by asterix. The Fe K–edge XANES spectra of samples I* and II* are presented 
in Fig. 7a and Fig. 7b, respectively, and the corresponding FT–EXAFS spectra are 
shown in insets. XANES/EXAFS spectra of samples I and II are also given for 
comparison. As can be seen from Figs. 7a and 7b, the long–term exposure to air has 
larger impact on sample I with initial structure closer to bulk magnetite. The 
characteristic XANES (pre–edges and white lines) and FT–EXAFS features are 
considerably different in samples I and I*, whereas in samples II and II*only slight 
changes are noticeable (see Figs. 7a and 7b). The XANES pre–edge region was fitted 
using the same procedure described earlier and the collection of the integrated Fe2+(B), 
Fe3+(A) and Fe3+(B) intensities for samples I* and II* are given in Figs. 7c and 7d, 
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respectively. As it can be seen from Figs. 7c and 7d, decrease of the pre–edge intensity 
in samples I* and II* is mainly caused by decrease of the Fe2+(B) contribution. Together 
with a slight increase of the Fe3+(B) contribution, this is what would be expected as far 
as oxidation of magnetite is concerned [35]. However, the fact that in both samples the 
Fe3+(A) contribution increases (see Figs. 7c and 7d), implies that the long–term 
oxidation process in investigated NPs is accompanied with the C–V reordering [61,62]. 
Changes of the integrated peak intensities are more pronounced in sample I* and the 
relative increase of the Fe3+ contribution (at the expense of the Fe2+ contribution) is 
larger, indicating that unlike sample II* the average Fe valence in sample I* increases 
over time. Indeed, when compared to sample I, the absorption edge position of sample 
I* is shifted 0.6–0.7 eV to higher energy, while it remains nearly the same in samples II 
and II* (not shown). However, even with the observed shift the edge position in sample 
I* is still lower than in sample II*, implying that sample I* is less oxidized. On the other 
side, negligible changes of XANES/EXAFS spectra of the sample II* (see Fig. 7d) with 
structure initially closer to bulk maghemite imply that it is not entirely converted to 
maghemite even after being exposed to air for two years. It appears that the oxide shell 
formed relatively fast after its synthesis (as revealed by XMCD measurements) 
efficiently protects the core from further oxidation. The observed chemical composition 
difference between the core and the shell structure of investigated iron oxides NPs is in 
agreement with [26, 34, 37, 63]. 
 
Higher intensities of the FT–EXAFS peaks in sample I* than in sample I (see inset of 
Fig. 7a) are most likely a result of particles agglomeration in the course of time, which 
relates to reduced disorder caused by under–coordinated surface atoms [45]. On the 
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other side, FT–EXAFS spectra of samples II and II* are almost exactly alike (see inset 
of Fig. 7b), implying that over time not only the structure, but also the average particle 
size remains nearly the same, and that initially oxidized NPs are more stable in this 
respect, too. The stability of sample II–like NPs against both agglomeration and 
oxidation may have important practical consequences for their biomedical applications. 
 
4. Conclusions 
 
Detailed XRD, Fe K– and L2,3–edges XAFS and L2,3–edge XMCD studies of the 
electrochemically synthesized magnetite nanopowders were carried out in order to 
obtain direct insight into structure and electronic features of Fe immediate surrounding 
and to elucidate the effects of local structural and electronic modifications between the 
two characteristic temperatures (20 K and RT). Stability in ambient conditions was 
monitored by XANES/EXAFS measurements performed on selected samples after 
long–term exposure to air. All investigated nanopowders are produced as non–
stoichiometric Fe3−δO4 oxide phases, with the lattice constant and the Fe
2+/Fe3+ ratio 
both in–between the values for bulk maghemite and magnetite. The non stoichiometric 
Fe3−δO4 phase present inside the investigated samples has random spinel structure, and 
its relative amount is determined by preparation conditions. Characteristics of samples I 
and III prepared under smaller current density (J=200 mA/dm2) are closer to bulk 
magnetite. Larger current density (J=1000 mA/dm2) has led to formation of 
nanopowders (samples II and IV) whose structural and electronic properties are more 
maghemite–alike. Despite the observed structural and electronic differences, the first 
coordination Fe–O shell preserves nearly invariable structure under the temperature 
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change in all investigated samples. The local structural changes at T=20 K affect 
primarily the second coordination shell around the Fe ions, thereby indicating existence 
of the Verwey transition. The extent to which investigated samples are influenced by the 
oxidation in ambient conditions is also found to highly depend on preparation 
conditions. The oxide shell formed in maghemite–like samples (II and IV) relatively 
fast after synthesis protects their core from further oxidation. The oxidation of 
magnetite–like samples (I and III) progresses more slowly and possibly extends more 
deeply into the core, and the long–term air exposure causes agglomeration of the 
particles.  
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Table 1. The synthesis conditions of the investigated magnetite NPs (samples I–IV). 
 
Sample J (mA/dm2) T (K) 
I 200 333 
II 1000 333 
III 200 361 
IV 1000 361 
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Figure captions 
Fig. 1. XRD diffractograms of the Fe3O4 samples I (a) and II (b). 
Fig. 2. (a) The Fe K–edge XANES spectra of samples I–IV taken at 20 K (a) and RT (b) 
with the insets showing the pre–edge region enlarged. Collection of the absorption edge 
positions (c) and integrated pre-edge peak intensities (d) of samples I–IV (open 
squares–20 K, filled squares–RT).  
Fig. 3. Fit of the Fe K–edge XANES pre–edge region of sample I (taken at 20 K) using 
three Gaussian profiles for the Fe2+(B), Fe3+(A) and Fe3+(B) contributions. The 
background was modeled by an arc–tangent function. 
Fig.4. Positions and integrated intensities of the pre–edge contributions corresponding 
to Fe2+(B), Fe3+(A) and Fe3+(B) for samples I–IV at 20 K (open squares) and RT (filled 
squares).  
Fig. 5. The Fe K–edge EXAFS spectra (a, b) and their Fourier transforms (c, d) of 
samples I–IV taken at 20 K and RT, respectively.  
Fig. 6. The Fe L2,3–edge XANES (a) and XMCD spectra (b) of samples I and II. 
Fig. 7. The Fe K–edge XANES spectra of samples I* (a) and II* (b) taken at RT, with 
the Fourier transforms of the corresponding EXAFS spectra shown in insets. 
Comparison of the positions and the integrated intensities of the three pre–edge 
components corresponding to Fe2+(B), Fe3+(A) and Fe3+(B) obtained for samples I and 
I* (c) and samples II and II* (d) at RT. 
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